The Rcs (regulator of capsule synthesis) signalling complex comprises the membrane-associated hybrid sensor kinases RcsC and RcsD, the transcriptional regulator RcsB and the two co-inducers RcsA and RcsF. Acting as a global regulatory network, the Rcs phosphorelay controls multiple cellular pathways including capsule synthesis, cell division, motility, biofilm formation and virulence mechanisms. Signal-dependent communication of the individual Rcs domains showing histidine kinase, phosphoreceiver, phosphoryl transfer and DNA-binding activities is characteristic and essential for the modulation of signal transfer. We have analysed the structures of core elements of the Rcs network including the RcsC-PR (phosphoreceiver domain of RcsC) and the RcsD-HPt (histidine phosphotransfer domain of RcsD), and we have started to characterize the dynamics and recognition mechanisms of the proteins. RcsC-PR represents a typical CheY-like α/β/α sandwich fold and it shows a large conformational flexibility near the active-site residue Asp 875 . NMR analysis revealed that RcsC-PR is able to adopt preferred conformations upon Mg 2+ co-ordination, BeF 3 − activation, phosphate binding and RcsD-HPt recognition. In contrast, the α-helical structure of RcsD-HPt is conformationally stable and contains a recognition area in close vicinity to the active-site His 842 residue.
Introduction
Prokaryotic organisms use phosphorylation cascades in order to sense and respond to changing environmental conditions. Most common are derivatives of a prototypical twocomponent system whose basic elements are a membranebound sensor kinase and a cytoplasmic response regulator composed of a phosphoaccepting receiver domain and an output effector domain [1] [2] [3] . Modified versions of these systems have recently been found in lower eukaryotes as well [4] [5] [6] . Receipt of external signals by a periplasmic sensor domain initiates the signal processing by autophosphorylation of the sensor kinase at a conserved histidine residue within its histidine protein kinase domain. The phosphoryl group is then transferred to an aspartic acid residue in the phosphoreceiver domain of the response regulator, resulting in conformational changes that modulate the activity of the effector domain. The more complex multistep phosphorelays involve hybrid sensor kinases with additional C-terminally located phosphoreceiver and histidine-phosphoryl transfer domains [7, 8] . This modular design might be advantageous in providing a higher versatility in signalling strategies with increased numbers of potential sites for regulation.
A further modification of multiple phosphorelay systems is established in the Rcs (regulator of capsule synthesis) network. Key elements are the two ∼900 amino acid membrane-bound sensor kinases RcsC and RcsD, and the cytoplasmic transcriptional regulator RcsB together with its co-activator RcsA (Figure 1 ). External signals, including changes in temperature and osmolarity [9] , as well as envelope stress due to cell desiccation and overproduction or deficiency of distinct membrane compounds [10, 11] , are detected by the periplasmic sensor domains of RcsC/RcsD and activate the signalling cascade. Signal perception initiates autophosphorylation of the RcsC-HK (RcsC histidine kinase domain) at the conserved residue His 479 that subsequently transfers the phosphoryl group to the conserved residue Asp 875 in RcsC-PR (phosphoreceiver domain of RcsC). The RcsDHPt (histidine phosphotransfer domain of RcsD) domain then serves as a phosphate shuttle between RcsC-PR and the RcsB-PR. Accessory regulator proteins such as the outer membrane-associated protein RcsF [12, 13] and the coactivator RcsA, which binds together with RcsB at a conserved motif in a subset of regulated promoters [14, 15] , modulate the signal transfer in specific pathways of the Rcs regulon. The Rcs network is able to control the expression of more than 150 genes [16] [17] [18] [19] . Rcs-dependent cellular processes include the production of colanic acid and many type I capsular polysaccharides [14, [20] [21] [22] , biofilm formation [19, 23] , motility [24] [25] [26] , antibiotic resistance [27] and cell division [28] . Positive as well as negative effects on gene expression have been described and additional indirect control mechanisms are probably through the modulation of other regulators by the Rcs system [29, 30] (Figure 1 ).
Despite more than 20 years of investigation, the Rcs system still provides more questions than answers. Neither the incoming signals nor the mechanisms of their transduction are known. We have started to identify molecular details on the structure and dynamics of Rcs components in order to provide a basis for the understanding of the complex signalling network [31, 32] . The structures of two key elements, the RcsC-PR and RcsD-HPt domains, their complex formation and dynamic behaviour are discussed below.
Structure of the RcsD-HPt domain
RcsD-HPt consists of five α-helices with a central four-helical bundle motif with an up-and-down topology ( Figure 2A ). Helix I forms a cap over this four-helical bundle and is separated from the core of the protein by a tight turn. A proline (Pro 819 ) in the middle of helix II introduces a kink dividing the helix into IIA and IIB. Helix III contains the active histidine His 842 receiving the phosphoryl group during the phosphoryl transfer step from RcsC-PR. Helices IV and V complete the four-helix bundle and stabilize the fold by contributing non-polar side chains to the hydrophobic cluster [31] . The final structural ensemble is very tight and does not indicate any conformational heterogeneity of RcsD-HPt in solution.
The RcsD-HPt topology is characteristic for phosphoryl transfer domains as classified by the prototypical histidinecontaining P1 domain of the Escherichia coli histidine kinase CheA [33] . RcsD-HPt most closely resembles the E. coli ArcB-HPt domain, while the arrangement of helices, the total shape of the molecules and the charge distributions on the surfaces show still remarkable differences. However, the phosphoaccepting histidine His 842 is always located in a similar position at the helix III and its imidazole ring is highly solvent accessible.
Structure and dynamics of the RcsC-PR domain
The structure of RcsC-PR ( Figure 2B is located at the end of strand β3 and its side chain is in close proximity to the Mg 2+ -co-ordinating motif. In 15 N-HSQC (heteronuclear single-quantum coherence) NMR spectra, some of the amino acids in the area near to the active site of RcsC-PR show significantly broader signals compared with other amino acids of the protein, suggesting that this part is in slow conformational exchange. For some of these resonances, including the active-site Asp 875 , with several residues in the N-terminally located loop, and the Mg 2+ -co-ordinating Asp 831 -Asp 832 , with residues in the following loop, two separate signals can even be detected. Additional double resonances are seen for residues of α-helices α3 and α4 and connecting loops. This conformational heterogeneity results in a significant disorder of the final structural ensemble ( Figure 2B ) and indicates the ability of RcsC-PR to participate in several binding processes which facilitates the functional recognition of other Rcs elements as well as of cofactors such as Mg 2+ .
Activation of RcsC-PR and complex formation with RcsD-HPt
Signal transduction within the Rcs pathway requires the transfer of a phosphoryl group from the RcsC-PR domain to the HPt domain of RcsD. We have investigated the interaction between these domains by NMR titration experiments under various external conditions. Chemical shift changes ( δ) were followed with 15 N-labelled RcsD-HPt upon titration with the unlabelled RcsC-PR as well as with the reciprocal experiments. Small chemical shift perturbations in both proteins indicate weak complex formation of the two non-phosphorylated domains with K d values in the range 0.2-1 mM and with a 1:1 binding stoichiometry ( Figure 3A ).
For RcsD-HPt, the affected region is rather small and comprises mostly the active-site area adjacent to His 842 at the C-terminal end of helix III ( Figure 3A) . For RcsC-PR, the most significant chemical shift differences appear for residues in the loop connecting strand β1 with helix α1, in the Nterminus of helix α1, and in the C-terminus of strand β4 and the adjacent loops. − -activated RcsC-PR accumulated upon titration with the RcsD-HPt domain. Based on the number and value of the chemical shift differences observed in RcsC-PR the interaction with the RcsD-HPt becomes 5-10 times stronger.
Conclusions and outlook
The Rcs regulon participates in a number of important bacterial processes such as capsule and biofilm formation, motility, osmolarity, antibiotic resistance and cell division. However, our understanding of how a single, although quite complex, system can differentially regulate expression of a large variety of genes and gene clusters is still not far advanced.
We have demonstrated that the two central elements, RcsC-PR and RcsD-HPt, expected to be phosphate shuttles between RcsC-HK and the response regulator RcsB, efficiently interact with each other. A prerequisite for strong complex formation is the Mg 2+ -dependent phosphorylation of RcsC-PR. While RcsD-HPt represents conformational homogeneity without significant structural rearrangements, RcsC-PR is conformationally flexible and provides an ideal platform for third-party regulations by interaction with 
